Introduction
============

ATP binding cassette (ABC)[^3^](#FN4){ref-type="fn"} proteins are one of the largest families of active transporters. They use the hydrolysis of ATP as a source of energy to transfer substrates across membranes. ABC transporters import or export a wide variety of substrates, including sugars, lipids, peptides, metabolites, amino acids, metal ions, and xenobiotics. As a consequence, in humans, mutations in the 48 identified ABC transporter genes are associated with several diseases, including cystic fibrosis, macular degeneration, and lipid and sterol deficiencies ([@B1]--[@B3]). Despite the different chemistry and size of these substrates, the structural organization and the mechanism of action of ABC transporters are very similar ([@B4]).

Each ABC transporter consists of at least four domains: two nucleotide binding domains (NBDs), located on the cytosolic side of the membrane, and two transmembrane domains (TMDs), arranged in membrane-spanning helices to form the translocation pathway. Two ATP binding sites are formed at the interface between the NBDs, characterized by the presence of highly conserved motifs: the Walker A and Walker B motifs, the Signature motif, and the A-, H-, Q-, and D-loop ([@B5]). As a consequence of ATP binding, the NBDs form a tightly coupled dimer followed by the hydrolysis of ATP. The energy derived from this process is converted into large conformational changes of the TMDs to transport the substrate from one side of the membrane to the other.

The human transporter associated with antigen processing (TAP) plays a crucial role in the adaptive immune system ([@B6]). TAP translocates antigenic peptides derived from proteasomal degradation in the cytosol to the endoplasmic reticulum (ER) lumen, where the peptides are loaded into major histocompatibility complex (MHC) class I molecules to be in turn released and exposed on the cell surface. The inhibition of TAP mediated by viruses that try to evade the immune system as well as deletions or mutations of this transporter seriously impair the antigen presentation mechanism ([@B7]). TAP belongs to the ABC-B subfamily. It is a heterodimer formed by two half-transporters, TAP1 (ABC-B2) and TAP2 (ABC-B3). Each monomer consists of a NBD and six transmembrane helices forming the core of the TMD. TAP1 and TAP2 also have an additional N-terminal transmembrane domain (tapasin binding domain), specifically involved in the interactions with tapasin, which is one of the proteins responsible for the peptide-loading process ([@B8], [@B9]). High resolution structures have been published for the human and rat TAP1-NBD both as a monomer (human) and homodimer (rat) ([@B10], [@B11]), whereas the crystal structures of TAP2-NBD and the full-length transporter are not yet available. In the absence of high resolution structures, homology models, supported by experimental data, have been successfully used in the field of ABC transporters to provide feedback and give insights into the structural organization of these transporters ([@B12]--[@B28]).

In this paper we present molecular models of TAP describing the transporter in three different states. The models have been built based on a multiple sequence alignment taking into account the sequences of several ABC transporters, including mouse P-gp, human ABCB10, and the bacterial transporter Sav1866. The x-ray structures of P-gp ([@B29]), ABCB10 (PDB access code [2YL4](2YL4)), and Sav1866 ([@B29], [@B30]) have been solved in different conformations, providing valuable templates to describe different states of the transport cycle of TAP. Like TAP, P-gp is a member of the ABC-B subfamily and consists of one polypeptide chain arranged into two halves connected by a linker. Each half contains a cytosolic NBD and a TMD that is organized into six membrane-spanning helices. The crystal structure of P-gp shows the transporter in an inward-facing conformation, corresponding to an initial state of the transport cycle, with the translocation cavity open toward the cytosol and suitable for drug binding. The crystal structure of human ABCB10 corresponds to an inward-facing conformation of the transporter, but the separation between the two NBDs is smaller than in the P-gp crystal structure. Contacts between the two NBDs are detected between the Walker A motif of one chain and the residues of the D-loop (the serine residue of the SALD motif in particular) of the other chain. The homology models of TAP based on these crystal structures can describe a possible peptide binding competent state of the transporter. Sav1866 is a homodimeric ABC transporter, with a structural organization and membrane topology similar to P-gp and TAP. The crystal structure of Sav1866 corresponds to an outward-facing conformation of the transporter, with the two NBDs tightly coupled, and the cavity of the TMDs close to the cytosol and open toward the opposite side of the membrane. The molecular model of TAP based on this structure can represent a possible final step of its transport cycle, when a peptide is released to the ER lumen. We compared our models with the available experimental data and focused the analysis of the models on the TMDs and the ER-facing and cytosol-facing loops (ELs and CLs, respectively). Based on electrostatic potential calculations, we identified regions of the transporter that could be involved in peptide binding, and we verified our hypotheses with replica exchange simulations performed on a nonamer bound to the inward-facing models. The comparison of the models also provided structural insights into the rearrangements of the TMDs during the translocation cycle of this transporter.

EXPERIMENTAL PROCEDURES
=======================

### 

#### Homology Modeling

To build the homology models of TAP, the sequences of human TAP1 and TAP2 were retrieved from UniProt Knowledgebase (UniProtKB) through the ExPASy molecular biology server (UniProtKB access codes [Q03518](Q03518) and [Q03519](Q03519), respectively) ([@B31], [@B32]). According to the membrane topology of TAP described in Schrodt *et al.* ([@B9]), the core of the TMD in TAP1 and TAP2 is formed by six membrane-spanning helices. For this reason, the first four helices of TAP1 corresponding to the tapasin binding domain and the first three helices of TAP2 were not included in the homology modeling approach. As a result, residues 173--742 for TAP1 and residues 138--686 for TAP2 were only taken into account. The residue numbers correspond to the numbering shown in Schrodt *et al.* ([@B9]).

A protein-protein BLAST ([@B33]) search was performed against the Protein Data Bank using the retrieved sequence of human TAP1 and human TAP2 as input. The BLAST search was performed in two steps using as a query sequence first the TMD part of TAP and then the sequence of the NBD. For the TMDs, the BLAST search identified the crystal structure of mouse P-gp ([@B29]), human ABCB10, Sav1866 ([@B30]), and MsbA ([@B34]) as suitable templates for both TAP1 and TAP2. Together with the sequences of mouse P-gp, human ABCB10, Sav1866, and V. cholera, *Escherichia coli* and *Salmonella typhimurium* MsbA (UniProtKB access codes [P21447](P21447), [Q9NRK6](Q9NRK6), [Q99T13](Q99T13), [Q9KQW9](Q9KQW9), [P60752](P60752), and [P63359](P63359) respectively), the sequence of rat TAP1 and TAP2 as well as the sequence of the heterodimeric ABC transporter TM0287/TM0288 from *Thermotoga maritima* were also taken into account to generate a multiple alignment with MAFFT ([@B35]). For the NBD alignment, from the BLAST search results we considered all the NBD structures with a sequence identity of at least 40% with respect to TAP1 or TAP2 NBD. Thus, in addition to the previously described transporters, we included the sequences of *E. coli* hemolysin B ([@B36]), human ABCB6 ([@B37]), and MRP2 from *Plasmodium yoelii* ([@B38]). The alignments are shown in [supplemental Figs. S1 and S2](http://www.jbc.org/cgi/content/full/M112.381251/DC1). TAP homology models were built by means of MODELLER9v10 using the structures of P-gp, ABCB10, and Sav1866 as templates ([@B39]). Among these transporters, P-gp is the only one with two non-symmetric TMDs. For this reason, we built two TAP models based on P-gp, so that in one case TAP1 was modeled on the first halve of P-gp and TAP2 on the second one, and vice versa for the second model. These two P-gp-based models are described in the text as P-gp-based model 1 and model 2, respectively. Per each template, 20 models were generated, and the one with the best score in terms of the discrete optimized protein energy (DOPE) potential implemented in MODELLER was chosen. The assessment of the final structural models was carried out with Molprobity ([@B40], [@B41]), Qmean ([@B42], [@B43]), Procheck ([@B44], [@B45]), and Whatcheck ([@B46]) analyses ([supplemental Table S1](http://www.jbc.org/cgi/content/full/M112.381251/DC1)). The TAP models were then inserted into a 1-palmitoyl-2-oleoyl-*sn*-glycero-phosphocoline (POPC) lipid bilayer using the g_membed method ([@B47]). Gromacs 4.5.5 ([@B48], [@B49]) was used to optimize the geometry of the final models with the ff54a7 version of the GROMOS 96 force field ([@B50], [@B51]). The geometry optimization of each system was carried out in several steps described in [supplemental Table S2](http://www.jbc.org/cgi/content/full/M112.381251/DC1). After minimization, the system was equilibrated for 10 ns in the isothermal-isobaric ensemble (NPT) at a temperature of 310 K and pressure of 1 bar, with position restraints (force constant of 10,000 kJmol^−1^nm^−2^) on all the non-hydrogen atoms of the protein, followed by a 5-ns run with position restraints (force constant of 100 kJmol^−1^nm^−2^) only on the backbone atoms.

We previously published a homology model of TAP based on a sequence alignment that included only the sequences of TAP1, TAP2, and Sav1866, whose crystal structure was used as a template ([@B12]). In this study we used a consistent alignment, but we included additional transporters, thus building models of TAP on templates with substantially different conformations.

#### Electrostatic Potential Calculations

Electrostatic calculations were carried out using APBS software ([@B52]). A dielectric constant of 2, 10, and 80 was set for membrane, protein, and water, respectively. All the parameters used for these calculations are listed in [supplemental Table S3](http://www.jbc.org/cgi/content/full/M112.381251/DC1). To take into account the flexibility of the side chains, the electrostatic potential was calculated for 50 frames with 50-ps spacing during the last 2.5 ns of the equilibration run performed with position restraints only on the backbone atoms. The average of these calculations was then used for analysis.

#### Replica Exchange Simulations

Replica exchange simulations were performed on the TAP models based on P-gp and ABCB10 structures using Gromacs 4.5.5 ([@B48], [@B49]). The peptide was initially pulled into the cavity by restraining the distance between the α-carbon (Cα) of TAP1-Ser-289 and -Arg-1 of the peptide and between the Cα of TAP2-Ser-254 and -Leu-9 of the peptide (the maximum allowed distance was 6 Å). Replica exchange simulations were performed in implicit solvent with the Amber99sb-ildn force field and GBSA with OBC algorithm ([@B53]). 44 temperatures ranging from 298.2 to 433.0 K were initially selected. Short simulations (0.4 ns) were carried out to iteratively change the temperature spacing until the observed acceptance probability between adjacent replicas was between 0.3 and 0.4. The acceptance probability of exchanges between replicas depends on their temperature gap. The acceptance probability of 0.2--0.4 generally provides an optimum balance between number replicas and the temperature range covered by replica simulations ([@B54]). The production runs of 15 ns (P-gp based model 1), 20 ns (P-gp based model 2), and 30 ns (ABCB10 based model) were then initiated from those temperatures during which the exchange was attempted every picosecond. The backbone of the transporter was kept frozen during the simulations. As we were interested in sampling only conformations of the peptide in the inward-facing cavity, a flat-bottom quadratic potential was implemented in Gromacs to restrain the peptide center of mass within 1 nm of its initial position.

The algorithm of Daura *et al.* ([@B55]), as implemented in the g_cluster tool of Gromacs, was used to cluster the peptide conformations based on the backbone atoms, using a root mean square deviation (r.m.s.d.) cutoff of 0.2 nm. The r.m.s.d. between the peptide backbone of any two frames was calculated without least square fitting of the structures. The percentage population of each cluster at the lowest temperature (298.2 K) was determined by combining data from all the temperatures using pyMBAR ([@B56]).

[Figs. 1](#F1){ref-type="fig"}[](#F2){ref-type="fig"}--[3](#F3){ref-type="fig"} and [5](#F5){ref-type="fig"} and [supplemental Figs. S3--S6](http://www.jbc.org/cgi/content/full/M112.381251/DC1) were produced with PyMOL, Version 1.4.1 ([@B57]), and [Fig. 4](#F4){ref-type="fig"} and [supplemental Fig. S7](http://www.jbc.org/cgi/content/full/M112.381251/DC1) were produced with the UCSF Chimera package, Version 1.6.1 ([@B58]).

RESULTS AND DISCUSSION
======================

### 

#### Homology Modeling; Structural Organization of the TAP Models

The transmembrane core of TAP consists of 12 transmembrane helices ([@B8]). The same membrane topology characterizes P-gp, ABCB10, and the bacterial transporter Sav1866, chosen as templates to build homology models of TAP. Both TAP1 and TAP2 have an additional N-terminal transmembrane domain required for the binding of tapasin and the assembly of the macromolecular MHC class I peptide loading complex ([@B8], [@B59]--[@B61]). TAP constructs lacking these domains are, however, fully functional in terms of peptide binding and transport ([@B59]). As a consequence, modeling TAP in the absence of the tapasin binding domains still provides valuable models to analyze and possibly predict the regions of the transporter involved in peptide binding.

The r.m.s.d. calculated on the backbone atoms between the final P-gp-based model 1 and model 2 of TAP and the P-gp structure is 1.6 and 2.3 Å, respectively. The r.m.s.d. between the final ABCB10-based model and the ABCB10 crystal structure is 0.3 Å, whereas the r.m.s.d. between the final Sav1866-based model of TAP and the Sav1866 structure is 0.4 Å. The higher r.m.s.d. that characterizes the P-gp-based models is due to differences in the NBDs. For these models, the r.m.s.d. was calculated separately for TMDs (TAP1 residues 173--483; TAP2 residues 138--448; P-gp residues 33--366 and 694--1009) and NBDs (TAP1 residues 503--743; TAP2 residues 468--686; P-gp residues 388--625 and 1031--1256). For P-gp based model 1 and model 2, the r.m.s.d. for the TMDs is 1.5 and 1.6 Å, whereas the r.m.s.d. for the NBDs is 1.7 and 2.7 Å, respectively. However, the secondary structure of the NBDs of TAP is perfectly preserved in these models, and the higher r.m.s.d. values come from a translation of the NBDs when compared with the crystal structure.

The structural organization of the TAP models after insertion in the membrane and geometry optimization of the side chains is shown in [Fig. 1](#F1){ref-type="fig"}. In the P-gp- and ABCB10-based models, the ER portion of TM1 and TM6 of both TAP1 and TAP2 as well as the ER loop connecting TM1 with TM2 (EL1) and TM5 with TM6 (EL3) close the top of the cavity in the inward-facing conformation. On the other side of the membrane, the cytosolic loop (CL1) between TM2 and TM3 of one of the two half-transporters is in contact with the CL2, between TM4 and TM5, and the NBD of the other half-transporter. In the TAP model based on Sav1866, as a result of the NBD dimerization, new interactions on the intracellular side of TAP1 and TAP2 are established to close the cavity to the cytosol.

![Homology models of TAP-based on P-gp (inward-facing conformation) (*A*), ABCB10 (inward-facing conformation) (*B*), and Sav1866 (outward-facing conformation) (*C*) crystal structures. TAP1 and TAP2 are shown in *green* and *blue ribbons*, respectively. The region of the transporter embedded in the membrane (TMD core) is highlighted in *gray*. Short loops connect the transmembrane helices on the ER lumen (ELs), whereas longer CLs are projected into the cytosol followed by the NBDs. Peptides bind to TAP in the inward-facing cavity, whereas ATP molecules bind to the NBDs, inducing NBD dimerization. The energy derived from ATP hydrolysis is used by TAP to translocate the peptides from the cytosol to the ER. *D--F*, shown is a top view of the models based on P-gp (*D*), ABCB10 (*E*), and Sav1866 (*F*). The conserved residues of the ELs described under "Conserved Regions in ELs" are shown as *spheres*. In particular, TAP1-Asp-213 (*orange spheres*) interacts with TAP1-Ser-440 (*blue spheres*), and TAP2-Asp-178 (*orange spheres*) makes contacts with TAP2-Thr-405 (*blue spheres*) in the inward-facing conformation models (*D* and *E*). As a consequence of the cavity opening toward the ER lumen in the outward-facing conformation (*F*), these interactions are not longer retrieved. The interactions between the conserved residues of the EL2 (TAP1-Met-320, -Ser-324, -Leu-327, -Thr-328, *light green spheres*; TAP2-Met-285, -Ser-289, -Leu-292, -Thr-293, *light blue spheres*) are preserved in both the inward-facing and the outward-facing conformations (*D--F*). For homology modeling, the sequence alignments ([supplemental Figs. S1 and S2](http://www.jbc.org/cgi/content/full/M112.381251/DC1)) were generated with MAFFT ([@B35]), and the models were built with MODELLER ([@B39]). The TAP models were then inserted into a lipid bilayer as described under "Experimental Procedures."](zbc0331218520001){#F1}

#### NBDs

The NBDs of ABC transporters contain highly conserved key motifs involved in ATP binding and have been extensively characterized from a structural point of view. When the NBDs associate to form a proper dimer, residues of the Walker A, Walker B, A-loop, Q-loop, and Switch motifs from one NBD combine with the signature and the D-loop motifs of the second NBD ([@B62]).

TAP and other medically relevant ABC transporters such as the cystic fibrosis transmembrane conductance regulator have two ATP binding sites that are not equivalent, with substitutions in the conserved motifs. As a consequence of this NBD asymmetry, one binding site is highly conserved in a catalytically competent state, whereas the second binding site may have an impaired catalytic activity. In TAP1, the H-loop is replaced with a glutamine, and the highly conserved glutamate of the Walker B motif is replaced by an aspartate. Moreover, the signature motif of TAP2, involved in the hydrolysis occurring at the TAP1-ATP binding site, is characterized by a non-conserved sequence ([supplemental Fig. S2](http://www.jbc.org/cgi/content/full/M112.381251/DC1)). Thus, the ATP binding site in TAP1-NBD is degenerate with respect to the consensus site in TAP2-NBD. Biochemical and crystallographic studies performed on a TAP1-NBD homodimer with mutations introduced to mimic the degenerate site showed that the consensus site is responsible (i) for the ATPase activity needed to promote the transport and (ii) for the NBD dimerization ([@B11]). Conversely, the degenerate site has a lower ATPase activity ([@B11]).

In the TAP model based on the Sav1866 crystal structure, the NBDs are dimerized ([supplemental Fig. S3*A*](http://www.jbc.org/cgi/content/full/M112.381251/DC1)), and no structural differences were apparent when compared with the TAP1-NBD homodimer with mutations introduced in the conserved motifs ([@B11]). This suggests that homodimers like Sav1866 and heterodimers like TAP share the same architecture in their fully dimerized state. The dimer conformation of TAP corresponding to the ABCB10 structure allows the binding of nucleotide analogs, but no NBD closure and no contacts are present between the nucleotide analog and the signature motif. However, it is interesting to note that although in the P-gp-based conformation the NBDs are far apart, in this model the Walker A of one domain is in close proximity of the D-loop serine residue of the second NBD ([supplemental Fig. S3*B*](http://www.jbc.org/cgi/content/full/M112.381251/DC1)). This may imply that NBD disengagement may be reached even without a large separation between the NBDs. Recently, the crystal structure of the heterodimeric ABC transporter TM287/288 has been released ([@B63]), providing an additional template to model TAP. In this case, TAP takes an inward-facing conformation, with an ATP analog bound only to the degenerate site, whereas a larger separation between the monomers characterizes the consensus site ([supplemental Fig. S3*C*](http://www.jbc.org/cgi/content/full/M112.381251/DC1)). A superimposition of the TAP2-NBD from the model based on Sav1866 and the model based on TM287/288 shows that the NBD conformational differences between these two states reside mainly in the D-loop and the glutamate residue of the Walker B motif, whereas no differences are observed for the TAP1-NBDs ([supplemental Fig. S3, *D--E*](http://www.jbc.org/cgi/content/full/M112.381251/DC1)).

#### Conserved Regions in ELs

Although it is known that the CLs play a significant role in the mechanism of ABC transporters ([@B12], [@B30], [@B34]), the analysis of the multiple sequence alignment performed in this study shows additional conserved regions in the three loops facing the ER lumen (ELs) in TAP or the extracellular side in other ABC transporters ([Fig. 1](#F1){ref-type="fig"}). The presence of small pools of amino acids that are more conserved than the transmembrane helices might suggest a structural role for these residues. The EL1 can be of different lengths among the transporters taken into account in this study. However, there is an aspartate residue that is highly conserved. This aspartate (TAP1-Asp-213; TAP2-Asp-178) is involved in polar interactions with residues of the EL3 and in particular with a highly conserved serine or threonine residue (TAP1-Ser-440; TAP2-Thr-405). In the inward-facing conformation of TAP, this network of interactions contributes to the closure of the cavity on the ER lumen side of the membrane and reflects the pattern of interactions found in P-gp and ABCB10 ([Fig. 1](#F1){ref-type="fig"}, *D* and *E*). The only exception is the second halve of P-gp, where a glycine replaces the conserved aspartate. In the Sav1866-based model of TAP and in the Sav1866 crystal structure, the NBD dimerization and opening of the cavity toward the ER side push the EL1 and EL3 away from each other, breaking all contacts between residues of these loops ([Fig. 1](#F1){ref-type="fig"}*F*). An additional pool of four residues in the loop between TM3 and TM4 (EL2) is also conserved. In this case the interactions between this pool of residues (TAP1-Met-320, -Ser-324, -Leu-327, -Thr-328; TAP2-Met-285, -Ser-289, -Leu-292, -Thr-293) and the surrounding residues are mainly hydrophobic and are preserved in both the inward-facing and outward-facing conformation ([Fig. 1](#F1){ref-type="fig"}, *D--F*).

#### π-Stacking Interactions between TM2 and TM5; Role of TAP1-Phe-265

In P-gp, ABCB10, Sav1866, and TAP, pairs of conserved aromatic residues are located on the intracellular side of TM2 of one halve (or monomer) and TM5 of the other halve (or monomer). In TAP, these pairs of aromatic residues consist of TAP1-Phe-390 (in TM5) and TAP2-Phe-230 (in TM2) and of TAP2-Phe-355 (in TM5) and TAP1-Phe-265 (in TM2). It has been shown that TAP1-Phe-265 mutation affects peptide transport but not peptide binding, and a role in controlling the formation of the cavity has been proposed for this residue ([@B64]). Here, changes in orientation of these conserved aromatic residues suggest an explanation of the mechanical role proposed for TAP1-Phe-265 ([@B64]); [Figs. 2](#F2){ref-type="fig"} and [supplemental Fig. S4](http://www.jbc.org/cgi/content/full/M112.381251/DC1).

![**π-Stacking interactions between TM2 and TM5.** *A--C*, TAP1 and TAP2 are shown in *green* and *blue ribbons*, respectively. Side view of the TMDs of the TAP models based on P-gp (P-gp-based model 2, *A*), ABCB10 (*B*), and Sav1866. TAP1-Phe-265 and TAP2-Tyr-355 involved in the π-stacking interactions in the outward-facing conformation are represented as *green* and *blue spheres*, respectively. The NBDs are not shown for clarity. *D*, the multiple sequence alignment shows that in all the transporters taken into account in this study, the positions corresponding to TAP1-Phe-265 and TAP2-Tyr-355 are conserved. The sequences were retrieved from the UniprotKB data base, and their accession codes are as follow: human TAP1, [Q03518](Q03518); human TAP2, [Q03519](Q03519); *Rattus*, TAP1, [P36370](P36370); *Rattus*, TAP2, [P36372](P36372); [Sav1866](Sav1866), [Q99T13](Q99T13) (PDB access code [2HYD](2HYD)); MsbA *Vibrio cholerae* (Msba_VibCh), [Q9KQW9](Q9KQW9) (PDB access code [3B5X](3B5X)); MsbA *E. coli* (MsbA_EColi), [P60752](P60752) (PDB access code [3B5W](3B5W)); MsbA *S. typhimurium* (MsbA SalTy), [P63359](P63359) (PDB access code [3B60](3B60)); mouse P-glycoprotein (Mouse_Pgp1 and Mouse_Pgp2), [P21447](P21447) (PDB access code [3G5U](3G5U)); [ABCB10](ABCB10), [Q9NRK6](Q9NRK6) (PDB access code [2YL4](2YL4)), *T. maritima* 0287 (TM_0287), [Q9WYC3](Q9WYC3); *T. maritima* 0288 (TM_0288), [Q9WYC4](Q9WYC4).](zbc0331218520002){#F2}

In P-gp, TM5 of each halve has a tyrosine residue (Tyr-273 and Tyr-916) facing the external side of the transporter, whereas TM2 helices have phenylalanine residues (Phe-148 and Phe-789) sandwiched between ICL1 of one halve and ICL2 of the other halve. Because of the orientation of the tyrosine residues, π-stacking interactions between the residues of each pair are not allowed in this conformation ([supplemental Fig. S5*A*](http://www.jbc.org/cgi/content/full/M112.381251/DC1)).

In ABCB10, TM5-Tyr-377 of one monomer might interact with TM2-Phe-252 of the other monomer. In this case the two aromatic residues point toward the same cavity, but the bending of TM2 and TM5 still do not allow π-stacking interactions between them ([supplemental Fig. S5*B*](http://www.jbc.org/cgi/content/full/M112.381251/DC1)).

In Sav1866 each pair of aromatic residues is formed by TM2-Phe-226 of one monomer and TM5-Tyr101 of the other monomer. The residues of each pair are involved in π-stacking interactions ([supplemental Fig. S5*C*](http://www.jbc.org/cgi/content/full/M112.381251/DC1)). The TAP models reflect these different states of interaction between the residues of each pair, consistent with the templates; that is, the above-mentioned π-stacking interactions are absent in the P-gp- and ABCB10-based models and are present in the Sav1866-based model ([Fig. 2](#F2){ref-type="fig"} and [supplemental Fig. S4](http://www.jbc.org/cgi/content/full/M112.381251/DC1)).

Further insights in the conformational changes that involve these residues are given by the available structures of the MsbA transporter ([@B34]); [supplemental Fig. S5*D*](http://www.jbc.org/cgi/content/full/M112.381251/DC1). Its outward-facing conformation shows a π-stacking interaction between Phe-230 of one monomer and Phe-105 of the other monomer, which mimic the interactions shown in Sav1866. In the closed apo structure the distance between the Cα of Phe-230 and Phe-105 is about 12 Å, whereas in the outward-facing conformation it is about 7.6 Å (7.9 Å in Sav1866 crystal structure). This increased distance is due to a partial stretching of the TM5 of one-half and the TM2 of the opposite halve and could represent an additional intermediate state in the rearrangement of the TM helices and the pairs of aromatic residues as well. Once the transporter adopts the outward-facing conformation, it results in a proper orientation for π-stacking interactions.

Combined, the models suggest how TM5 rearranges during the transport cycle of all four related transporters and support the structural role proposed for TAP1-Phe-265. Being part of the aromatic stacking interactions, this residue contributes to the correct packing of the intracellular part of the helices. These results also indicate a similar role for the corresponding residues of P-gp, ABCB10, Sav1866, and MsbA.

#### Peptide Binding

TAP binds and transports peptides with a preferred length of 8--16 amino acids ([@B65], [@B66]). The peptide binding site was first identified in multiple regions of TAP. In particular, residues 375--420 and 453--487 of TAP1 were shown to be part of the binding site as well as residues 301--389 and 414--433 of TAP2 ([@B6]). In both TAP1 and TAP2 these peptide binding site regions include the CH2, described in the previous paragraph.

The mutation A374D in human TAP2 influences the efficiency of binding as well as the peptide transport specificity ([@B67]). As described in Armandola *et al.* ([@B67]) and Momburg *et al.* ([@B68]), Ala-374 can directly be part of the peptide binding site or can influence the peptide transport indirectly. Ala-374 belongs to the TM5 and is located in the upper side of the cavity of the transporter ([Fig. 3](#F3){ref-type="fig"}*A*). In the TAP models, this residue is oriented toward the TM2 of TAP1, with the exception of the P-gp-based model 2, where its side chain is pointing directly to the inward-facing cavity. In the Sav1866-based model, Ala-374 is accessible from the cavity, whereas it appears to be more occluded in both the P-gp-based model 1 and in the ABCB10-based model. We noticed that this residue is surrounded by a pool of positively charged residues (Arg-368, Arg-369, Arg-373, Arg-380, and Arg-381) that belongs to the same transmembrane helix and is part of the peptide binding site of TAP2 described in Nijenhuis and Hämmerling ([@B6]). In particular, as it results in the Sav1866-based model, Arg-369, Arg-373, and Arg-381 are oriented toward the cavity lumen. Arg-380 is sandwiched between the TM4, TM5, and TM6 of TAP2, whereas it is exposed to the cavity in the ABCB10-based model and in the P-gp-based model 1. Arg-368 does not appear to be directly part of the peptide binding site because in all the TAP models this residue interacts with the polar groups of the lipids, and it is never oriented toward the cavity lumen. It has been shown that A374D alters the peptide transport specificity ([@B67]). Here, based on the analysis of the TAP models, we hypothesize that mutations changing charged side chains in this region could impair the transport of the peptide as a consequence of the altered electrostatic potential.

![**Residues affecting peptide binding and transport.** *A--C*, TAP1 and TAP2 are shown in *green* and *blue ribbons*, respectively. *A*, shown is a side view of the TMDs of the TAP homology model based on ABCB10 (*left*) and Sav1866 (*right*) crystal structure to highlight the position occupied by TAP2-Ala-374, represented as *spheres*. The surrounding TAP2 arginine residues (Arg-368, Arg-369, Arg-373, Arg-380, Arg-381) are in *blue sticks*. The multiple sequence alignment for the residues surrounding TAP2-Ala-374 is also provided. *B*, shown is a view of TAP2-Cys-213 in the TAP homology model based on ABCB10. Cys-213 is shown as *orange spheres*, whereas the neighborhood residues are in *blue spheres*. The multiple alignment of the region surrounding Cys-213 is also shown. On the *right* is the superimposition of the homology model of TAP based on Sav1866 and the MsbA crystal structure (PDB access code [3B60](3B60)) shown in *purple ribbons*. TAP2-Cys-213 and MsbA-Cys88 are shown as *spheres. C*, shown is a close-up view of Val-288 of TAP1 in the TAP homology models based on ABCB10. The multiple alignment highlights the residues surrounding Val-288 (Gly-282, Ile-284, Ser-286, Arg-287, and Asp-291) and conserved among other transporters.](zbc0331218520003){#F3}

Cys-213 of TAP2 has been shown to modulate the peptide specificity of the transporter and to contact the peptide in the binding pocket ([@B69]). In particular, Baldauf *et al.* ([@B69]) showed that the peptide is oriented with the C terminus facing this residue. Cross-linking was detected between the thiolate of Cys-213 and the peptide RRYQKSTEL with a single cysteine residue at positions 4--9. In the inward-facing models of TAP based on the P-gp and ABCB10 crystal structures, Cys-213, located on TM2, is not directly accessible for a peptide facing the cavity ([Fig. 3](#F3){ref-type="fig"}*B*); its side chain faces the membrane, and it is surrounded by Leu-151, Leu-152, Ala-154, Ala-155, Cys-209, Tyr-216, and Thr-217. However, the position of Cys-213 is constrained in TM2 because of the presence of some conserved residues (Arg-220, Ile-225, and Arg-226 of TAP2). Moreover, the sequence of MsbA shows a cysteine residue (Cys-88) in this position. In both the inward- and the outward-facing conformations of this transporter (PDB access codes [3B5W](3B5W) and [3B60](3B60), respectively ([@B34])), Cys-88 appears to be oriented toward the membrane.

The Cys-213 neighboring residues Thr-217 and Met-218 were shown to affect the peptide binding and transportation ([@B68], [@B70]). In all our TAP models, Met-218 always points into the cavity lumen.

These results suggest that at least for the TAP models based on the inward- and outward-facing states available so far for P-gp, ABCB10, Sav1866, and MsbA, the role of TAP2-Cys-213 in controlling the peptide specificity cannot be fully explained. Two glycine residues are just ahead of Cys-213, and glycine is known to increase the flexibility of α-helices ([@B71], [@B72]). This may indicate that TAP2-Cys-213 might become accessible for a peptide in an intermediate state in between the inward- and outward-facing conformation even though at the end of the cycle (outward-facing conformation) its orientation is restored to the initial one (inward-facing conformation).

An additional peptide contact site is Val-288 of TAP1 ([@B73]). Cross-linking experiments showed that this residue is able to sense the central region of a bound peptide. Val-288 is located at the cytosolic side of TM3 in a region that is conserved among the transporters taken into account in this study ([Fig. 3](#F3){ref-type="fig"}*C*). In P-gp and ABCB10 crystal structures, the polar residues corresponding to Ser-286, Arg-287, and Asp-291 of TAP1 are oriented toward the lumen of the inward-facing cavity. In contrast, hydrophobic residues corresponding to Val-288 and Ile-284 of TAP1 lie in small hydrophobic pockets. Mutagenesis studies showed that these residues in TAP participate in the transport cycle. In particular, Gly-282, Ile-284, and Arg-287 are crucial for coupling the peptide binding and transport, and Val-288 shares the same function ([@B73]). In the inward-facing models of TAP, these residues are oriented in agreement with the crystal structures used as templates. Additional details on the role of Val-288 are given in the next paragraph.

#### Role of Electrostatic Interactions in Ligand Binding

By anchoring the peptides through their N and C termini, TAP is able to translocate peptides of different length. The binding to TAP requires peptides with free N and C terminus ([@B74], [@B75]). Moreover, the first three residues as well as the last one play a critical role in terms of binding affinity ([@B73], [@B75]--[@B79]). An example is the nonamer RRYQKSTEL, which binds to TAP with high affinity (*K~D~* = 16 n[m]{.smallcaps}) ([@B75]). Because free N and C termini as well as charged residues are required, electrostatic interactions can represent the driving force for the peptide binding. This is also confirmed by the binding of ICP47 to TAP. ICP47 is a viral protein derived from herpes simplex virus that inhibits TAP ([@B80]--[@B82]). Its N-terminal domain and in particular residues 1--35 are responsible for TAP inhibition ([@B83]). Although residues 4--15 mediate the interaction with the membrane, residues 22--32 bind to TAP ([@B82], [@B84]--[@B86]). Charged residues in this region (Asp-24, Lys-31, and Arg-32) are crucial for TAP inhibition and might mimic the interactions of the N and C terminus of the peptides normally translocated by TAP ([@B82]).

In protein-protein interactions, electrostatic complementarity can significantly contribute to the binding affinity ([@B87]--[@B91]). We calculated the electrostatic potential of the TAP models, focusing on the role of charged residues in peptide/substrate binding to TAP.

The electrostatic map of the interior of the inward-facing cavities shows alternating positively and negatively charged sites. The lower side of the cavities (P-gp and ABCB10 based models) is characterized by two regions with opposite electrostatic potential ([Fig. 4](#F4){ref-type="fig"}*A*). The negative site is mainly formed by residues of TAP1 and surrounds the Val-288 previously described in this paper. To see if this negatively charged site is accessible by a peptide, the electrostatic potential has been mapped on the solvent-accessible surface of the protein. [Fig. 4](#F4){ref-type="fig"}*B* shows the presence of two negatively charged sites, labeled as pocket 1 and 2 in the three inward-facing models. Pocket 1 is formed by residues of TAP1 (Glu-290, Asp-291, Ser-286, Thr-294) located at the cytosolic side of the TM3. Pocket 2 is a larger groove that extends from the lower side of the cavity to the upper side. Residues common to the three inward-facing models and forming this pocket are mainly from TAP1 (Asp-246, Asn-250, Gln-261, Ser-286, Thr-289, Thr-292, Ser-293, Ser-296, Asp-297, Ser-300, Glu-301).

![**Electrostatic potential of the TAP inward-facing models.** *A*, shown is an isosurface representation of the electrostatic potential of the TAP P-gp-based model 2 (*left panel*), P-gp-based model 1 (*center panel*), and ABCB10-based model (*right panel*). The isosurface has been clipped to highlight the different properties of the lower side of the inward-facing cavity. The isovalue is set to −2 *k*~B~*T*/*e* for the negative potential (*red*) and +2 *k*~B~*T*/*e* for the positive one (*blue*). TAP1 and TAP2 are shown in *green* and *blue ribbon*, respectively. *B* and *C*, per each model (P-gp based model 2 and model 1 on the *left* and *center panel*, respectively; ABCB10-based model on the *right panel*), the electrostatic potential of the inward-facing cavity was mapped on the solvent-accessible surface. Shown are the negatively (*B*) and positively (*C*) charged side of the cavity. The isovalue was set to −4 *k*~B~*T*/*e* for the negative potential (*red*) and +4 *k*~B~*T/e* for the positive potential (*blue*). *Pockets 1*, *2*, *3*, and *4* described in the text under "Peptide Binding" are highlighted. Electrostatic potential calculations were performed with APBS software ([@B52]) using a dielectric constant of 2, 10, and 80 for membrane, protein, and water, respectively. The solvent-accessible surface was calculated based on the last frame of the 5-ns equilibration run, whereas the electrostatic potential was averaged during the last 2.5 ns, as described under "Experimental Procedures."](zbc0331218520004){#F4}

Using EPR spectroscopy, Herget *et al.* ([@B92]) characterized the conformation of peptides bound to TAP as an extended and kinked conformation, with an average distance between the two termini of a 9-mer of 2.2 nm. These EPR studies suggest that (i) TAP provides two different binding pockets for a peptide, one for the N terminus and one for the C terminus, and that (ii) the distance between these two pockets for the anchor sites is about 2.5 nm. In the TAP models, pocket 1 and 2, previously described, are the main negatively charged sites that could represent the binding site for the N-terminal residues of the peptide. TAP1-Val-288 is located just below these pockets. If pockets 1 and 2 are involved in peptide binding, this could explain why this residue is able to sense a bound peptide.

The opposite site of the cavity shows a different electrostatic map ([Fig. 4](#F4){ref-type="fig"}, *A* and *C*). The positive potential extends from the lower to the upper side of the cavity lumen. In particular, we identified a positively charged side (named pocket 3), mainly formed by TAP1-Arg-357 and TAP2-Arg-226. TAP1-Arg-357 is at the edge of the groove, facing the lumen of the inward-facing cavity. In contrast, TAP2-Arg-226 lies deeper inside the groove. TAP2-Met-218 is two helical turns above TAP2-Arg-226. Baldauf *et al.* ([@B69]) proposed that the C terminus of a bound peptide is oriented toward the Cys-213/Met-218 residues of TAP2. If pocket 3 is involved in the coordination of the peptide C terminus, the TAP models might be able to provide a structural context to explain the experimental results ([@B69]). Moreover, residues from both TAP1 and TAP2 contribute to the positive potential on the upper side of the cavity (TAP1-Lys-423, TAP2-Arg-210, and TAP2-Arg273), above the TAP2-Cys-213 and TAP2-Met-218 region (*pocket 4*, [Fig. 4](#F4){ref-type="fig"}*C*). This further confirms this side of the cavity as more suitable for the binding of the peptide C terminus, as described by Baldauf *et al.* ([@B69]).

Considering the sequence of the nonamer RRYQKSTEL, the results of the electrostatic calculations presented in this study suggest a binding mode in which pocket 1 and 2 might accommodate the free N terminus of the peptide and the side chains of the arginine residues, whereas the free C terminus might make contacts with the positively charged pocket (pocket 3).

The recently published structure of the ABC heterodimeric transporter TM287/288 is characterized by an inward-facing cavity that resembles the ABCB10 one even though TM4 and TM5 show slightly different bent structures. The TAP model derived from this new structure shows properties similar to the model based on ABCB10 ([supplemental Fig. S6](http://www.jbc.org/cgi/content/full/M112.381251/DC1)). The electrostatic potential calculations identified the same pattern of positively and negatively charged sites inside the cavity, thus further supporting our peptide binding hypothesis ([supplemental Fig. S7](http://www.jbc.org/cgi/content/full/M112.381251/DC1)).

We compared the cavity opening of the P-gp- and ABCB10-based TAP models to the available structures of MsbA ([@B34]). For this comparison we measured the distance between the Cα of TAP2-Asp-256 (which is adjacent to the positively charged pocket) and TAP1-Asp-291. This distance is 3.0, 2.8, and 2.5 nm for the P-gp-based model 1, model 2, and the ABCB10-based model, respectively. In the MsbA inward-facing conformation (PDB access code [3B5W](3B5W)), with a separation between the two NBDs larger than P-gp, the distance between Asp131-Cα (which corresponds to TAP1-Asp-291 and TAP2-Asp-256) of each chain is 3.9 nm. Such a distance appears to be too large to allow a peptide adopting the extended kinked conformation in TAP. In the MsbA closed apo conformation (PDB access code [3B5X](3B5X)), which is still an inward-facing conformation but with the NBDs in closer contact, this distance is 1.66 nm. In this case the cavity might be too closed to allow peptide binding. Altogether these results and the experimental observation of a kinked bound peptide ([@B92]) suggest that the cavity of the transporter in a peptide binding competent state should not be more open than the P-gp crystal structure.

#### Replica Exchange Simulations

Several programs and servers are available for protein-protein docking ([@B93]--[@B97]), for docking of small molecules ([@B98]--[@B102]), or for the refinement of peptide-protein interactions ([@B103]). However, these programs are not suitable for the docking of a peptide such as the nonamer RRYQKSTEL because of the large number of rotatable bonds that are involved, the necessity of flexible backbone and side chains of the peptide, and the large dimensions of the inward-facing cavity. For these reasons, we decided to perform replica exchange simulations on the nonamer RRYQKSTEL bound to the inward-facing cavity. Our hypothesis is that pocket 1, 2, and 3 are involved in the coordination of the N and C terminus of the peptide. Based on this assumption, the goal of these simulations was to verify if the cavity opening of the P-gp- and ABCB10-based models is suitable for peptide binding. The replica exchange simulations allowed the peptide to explore the inward-facing cavity lumen, thus identifying potential binding sites for its N and C terminus.

The results of the replica simulations performed on the TAP model based on ABCB10 proposed a model for the binding of the peptide that is in agreement with the experimental data. The average distance between the Cα of Arg1 and Leu-9 of the bound peptide in the cluster with the largest population is 2.2 nm. This distance may be correlated with the 2.5-nm distance proposed by Herget *et al.* ([@B92]) between the two anchor pockets of the transporter. In this model the N terminus of the peptide and the two arginine residues strongly interacts with the residues of the negatively charged pocket (TAP1-Thr-289, -Glu-290, -Ser-293) in close proximity to TAP1-Val-288 ([Fig. 5](#F5){ref-type="fig"}*A*). Additional interactions are formed with TAP1-Asp-297 and Tap2-Gln-322. Residues of the positively charged groove, and in particular TAP2- Arg-226, -Ser-254, and TAP1-Arg-357, coordinate the C terminus of the peptide in such a way that the side chain of Leu-10 faces the side chain of the previously described TAP2-Met-218.

![**Replica exchange simulations and peptide binding.** *A--C*, TAP1 and TAP2 are shown in *green* and *blue ribbons*, respectively. Shown is the top view of the nonamer RRYQKSTEL bound to the inward-facing models of TAP, as it results from the replica exchange simulations and clustering analysis. The peptide conformation corresponding to the cluster with the highest population is shown as *sticks* for the TAP model based on ABCB10 (*A*), the P-gp-based model 2 (*B*), and the P-gp-based model 1 (*C*). The residues involved in the binding of the N and the C terminus of the peptide are shown as *spheres*. Only polar hydrogen atoms are shown. For clarity, the loops facing the ER lumen are not shown. Replica exchange simulations were performed in implicit solvent using 44 temperatures ranging from 298.2 to 433.0 K.](zbc0331218520005){#F5}

In the P-gp-based model 2, the N terminus as well as the two arginine residues of the peptide are strongly bound to the negatively charged pocket ([Fig. 5](#F5){ref-type="fig"}*B*), further confirming that this site might be suitable for coordinating the positive charge of the peptide. Because of the larger opening of the cavity of this model compared with the TAP model based on ABCB10, the C terminus cannot reach TAP2- Arg-226 or -Met-218 but mainly interacts with TAP1-Arg-357 of the positively charged groove, although additional interactions involve TAP2-Ser-254 and -Ser-255. In the case of the P-gp-based model 1, the carboxylic group of Glu-8 of the peptide interacts with TAP2- Arg-226, whereas the C terminus is involved in intramolecular hydrogen bonds, thus preventing the interaction of the positive N terminus with the negatively charged pocket ([Fig. 5](#F5){ref-type="fig"}*C*).

The different results obtained from the replica simulations on the two P-gp-based models are due to the asymmetry of the TMDs in the P-gp crystal structure, which is reflected in the TAP models. In particular, the accessibility of pocket 1 in the P-gp-based model 1 is limited compared with P-gp based model 2. Moreover, in the P-gp-based model 2 the side chain of TAP2-Glu-360 interacts with Arg-1 of the peptide, whereas in the P-gp-based model 1 this interaction is missing due to a different orientation of TAP2-Glu-360. However, the simulations performed on both these models showed that residues of the positively charged groove constitute the favorite site for the binding of carboxylic groups.

Replica simulations performed on both the ABCB10-based model and the P-gp-based model 2 suggested that the coordination of the N and C terminus of the peptide with the negatively and the positively charged pocket, respectively, is possible, even though only in the ABCB10-based model a close proximity between the C terminus and TAP2-Met-218 was retrieved.

#### Conclusions

In the absence of high resolution structures, the combination of experimental data and molecular modeling approaches allows the construction of homology models that can be used as a tool to inspect the structural organization and properties of a protein as well as to guide mutagenesis experiments. In this paper we have presented homology models of TAP built based on the P-gp ([@B29]), ABCB10, and Sav1866 ([@B30]) crystal structures while taking into account the literature data available for all these transporters as well as for MsbA. The TAP models were compared with mutagenesis studies showing specific residues as important for peptide binding and translocation to give structural insights into the role of these residues. Moreover, electrostatic potential calculations and replica exchange simulations combined with experimental data ([@B92]) suggested that the inward-facing models of TAP based on P-gp and ABCB10 might represent peptide binding competent states of the transporter.

There is an important difference in the mechanism of action of TAP, P-gp, ABCB10, and MsbA. TAP recruits peptides from the cytosol; MsbA and P-gp acquire their substrates from the membrane, acting as both lipid flippases and drug transporters ([@B104]--[@B109]); ABCB10 is a peptide transporter in the inner membrane of mitochondria. Nevertheless, the similarity among these transporters and their bacterial homologue Sav1866 allowed us to build molecular models of TAP that can be used to design new experimental studies for a better understanding of the peptide binding and the dynamics of this transporter.
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